Sinopodophyllum hexandrum is an important medicinal plant whose genetic diversity must be conserved because it is endangered. The Qinling Mts. are a S. hexandrum distribution area that has unique environmental features that highly affect the evolution of the species. To provide the reference data for evolutionary and conservation studies, the genetic diversity and population structure of S. hexandrum in its overall natural distribution areas in the Qinling Mts. were investigated through inter-simple sequence repeats analysis of 32 natural populations. The 11 selected primers generated a total of 135 polymorphic bands. S. hexandrum genetic diversity was low within populations (average H e = 0.0621), but higher at the species level (H e = 0.1434). Clear structure and high genetic differentiation among populations were detected by using the unweighted pair group method for arithmetic averages, principle coordinate analysis and Bayesian clustering. The clustering approaches supported a division of the 32 populations into three major groups, for which analysis of molecular variance confirmed significant variation (63.27%) among populations. The genetic differentiation may have been attributed to the limited gene flow (N m = 0.3587) in the species. Isolation by distance among populations was determined by comparing genetic distance versus geographic distance by using the Mantel test. Result was insignificant (r = 0.212, P = 0.287) at 0.05, showing that their spatial pattern and geographic locations are not correlated. Given the low withinpopulation genetic diversity, high differentiation among populations and the increasing anthropogenic pressure on the species, in situ conservation measures were recommended to preserve S. hexandrum in Qinling Mts., and other populations must be sampled to retain as much genetic diversity of the species to achieve ex situ preservation as a supplement to in situ conservation.
Introduction
Sinopodophyllum hexandrum (Royle) Ying, family Berberidaceae, the only species of this genus in China, commonly known as Himalayan mayapple, is an endangered and medicinal perennial herb native to the Himalayan regions at elevations ranging from 2 700 m to 4 500 m [1] [2] [3] [4] . Plants provide us with many important medicaments, including anticancer and antiinfective agents [5] , and traditional Chinese medicine has contributed to identifying these substances [6] . S. hexandrum is a traditional Chinese medicine that has been used in folk medicine [7] . The roots and rhizomes of S. hexandrum contain large amounts of lignans. The most important lignan for human health is arguably the most active cytotoxic aryltetralin lignan, podophyllotoxin, with three times the podophyllotoxin levels compared to the American species Podophyllum peltatum [8, 9, 10] , as a precursor for the semisynthesis of the anticancer pharmaceuticals, such as etoposide (VP-16), teniposide (VM-26), GP-7, NK-611, etopophos, GL-331 and TOP-53 [9] [10] [11] [12] [13] [14] [15] . The destructive harvest of these plants added S. hexandrum to the endangered species list of the Convention on International Trade in Endangered Species of Wild Fauna and inter-simple sequence repeats (ISSR) and amplified fragment length polymorphism (AFLP) markers [37, 38, 39] , respectively. These reports with same results showed that S. hexandrum populations had relatively high genetic diversity (H e = 0.2944,0.3377). However, there is a consensus that alpine plants are faced with pollinator restriction [40] . The unclear extent of the species dispersal mechanisms makes it interesting to study the relationships between populations. Furthermore, many reports about genetic diversity of other medicinal plants, such as Calamagrostis porteri ssp. insperata [41] , Aegiceras corniculatum [42] , Sonneratia alba [43] , Coscinium fenestratum [44] , and Lilium pumilum [45] , have been published based on the ISSR approach.
Molecular markers are very useful tools for genetic diversity studies. ISSR markers are molecular markers especially suited to genetic polymorphisms analyses of species without available sequence information [46, 47] . Studies on the population relationships, genetic diversity and conservation of S. hexandrum in Qinling Mts. are requisite because climate change and local overexploitation may cause unknown endangering mechanisms. The present study aims to establish management strategies for the conservation genetics of S. hexandrum by (1) examining the levels of genetic variability within and among S. hexandrum populations sampled from Qinling Mts. where historical records showed S. hexandrum having grown naturally, (2) assessing the possible factors that affect the genetic variation observed, and (3) comparing these within and among S. hexandrum populations with data published for itself or other plant taxa with similar characteristics.
Materials and Methods

Ethics statement
The endangered species were collected, and research activities were scientifically conducted under the permits issued by the local forestry department. A detailed description of the experimental material collection and procedures is provided. The experimental procedures were approved by the Ethics Committee for Plant Experiments of Northwest A & F University and the State Forestry Administration, P. R. China. The names of the authorities that issued the permit for each location were listed in Table S1 in Text S1.
Study area
This study was performed in the Qinling Mts. (32u419 to 34u599 N, 103u549 to 110u349 E), which are located in central of China (Figure 1 ). The Qinling Mts., a 1 500 Km mountain chain, run east-west and act as an important watershed divider between two great Chinese rivers, the Yangtze River and the Yellow River, which constitute a transitional zone between the northern subtropical zone and warm-temperate zone. The Qinling Mts. were considered to be a biodiversity hotspot in China [48] . As one of the distribution areas of S. hexandrum, Qinling Mts. have unique environmental features which have high impact on the evolution of the species.
Plant materials
S. hexandrum distribution pattern and extent of in Qinling Mts. were investigated from 2010 to 2011. The S. hexandrum populations are distributed in small and scattered patches. According to the field survey information, a total of 32 wild S. hexandrum populations were sampled for DNA analysis between July 19, 2012, and September 17, 2012 , to ensure collection period consistency (Table 1) . S. hexandrum has a wide geographic distribution throughout the Qinling Mts. (Figure 1 ). The altitude of the sample sites ranged from 1 013 m to 2 883 m (Table1). Geographical distances between populations ranged from 5.5 km to 276.8 km. 20 plants were sampled from each population. The horizontal and vertical distances between sampled plants within each population were over 20 and 5 m, respectively, to increase the likelihood of sampling inter-individual variation within each population [37, 38] . About 2 g to 10 g of fresh young leaves per plant was immediately frozen in liquid nitrogen and then kept at 2 80 uC until DNA isolation. The key information on S. hexandrum populations in all sampling sites is summarized in Table 1 .
DNA extraction
Total genomic DNA was extracted from frozen leaves by using a plant genomic DNA rapid extraction kit (Spin-column) (BioTek Corporation, Beijing, China; http://bioteke.biogo.net/). The extracted DNA was quantified by comparing with known DNA of standard quantity (Lambda DNA) through electrophoresis in ethidium bromide-stained 1.0% agarose gels (Gene Genius Bio Imaging System; Synegene), and the extracted DNA was diluted in TE buffer to a final concentration of 50 ng/mL and stored at2 20uC before PCR amplification.
Primer screening and ISSR-PCR amplification
A total of 100 ISSR primers (synthesized by Shanghai Sheng Gong Biotechnology CO. LTD, China) were screened based on the primer set published by the Biotechnology Laboratory, University of British Columbia, Canada (UBC set No. 9) and the studies on Himalayan mayapple [34] [35] [36] [37] [38] [39] . An optimum reaction system was obtained by screening DNA, Mg 2+ , dNTP, primer (UBC900 was used for preliminary test), and Taq DNA polymerase concentrations and annealing temperature, and reaction conditions. The optimization showed that 20 mL of reaction system is ideal. Each 20 mL amplification reaction consisted of 16PCR buffer (10 mM Tris-HCl at pH 8.3, 50 mM L -1 KCl, 0.001% gelatin, and l.5 mmol L -1 MgCl 2 ), 1.6 mmol L -1 dNTP mix, 0.6 mmol L -1 primer (UBC900 was used for preliminary test), 15 ng of template DNA, and 1.0 U Taq DNA polymerase (TaKaRa Biotechnology, Dalian, China), using a cycling profile of initial 5 min at 94uC, followed by 45 cycles of 30 s at 94uC, 45 s annealing at 50uC, and 90 s extension at 72uC, ending with a final extension of 7 min at 72uC.
The optimized PCR experiment conditions were applied for primer screening in a PTC100TM Programmable Thermal Controller (MJ Research, Waltham, MA, USA). Six populations (TCG, LJG, BG, MDS, YMG and CTG) with observable variations (morphology, habitat, etc) were selected to initially screen 100 primers by using 10 samples for each population. Primers that generated scorable bands and high levels of polymorphisms were selected by genotyping all populations. The amplification products were electrophoresed on 1.0% agarose gels buffered with 1.06TBE for 2.5 h at 100 V and were detected through ethidium bromide staining, and the gels were imaged in the Gene Genius Bioimaging System. Band size was estimated from a 0.1 kbp DNA ladder (TaKaRa Biotechnology, Dalian, China). Each primer was amplified in triplicate to confirm reliability and reproducibility. A reaction without DNA was used as negative control.
Data analyses
Amplification results were scored according to the positions of the DNA bands from electrophoresis, being labeled ''1'' for presence of the bands and ''0'' for absence of the bands in the data matrix. Only stable bands with repeatable differences were considered valid for polymorphism loci.
The resulting ISSR phenotype data matrix (binary matrix from 0 to 1) was analyzed using the POPGENE software (version 1.31) [49] to compute genetic diversity parameters, such as allele frequencies, percentage of polymorphic bands (PPB), number of alleles per locus (A o ), effective number of alleles per locus (A e ), total gene diversity (H t ), the level of gene flow (N m ), Nei's gene diversity (H e ), gene distance (GD), Shannon's information index (H o ), within-population diversity (H s ), and mean coefficient of gene differentiation (G st ). An unweighted pair groups mean arithmetic (UPGMA) mean dendrogram was constructed using PowerMarker 3.23 to examine the genetic relationship at the species level [50] . A bootstrap (resampling) test was performed 1 000 times to determine distances between the populations using PHYLIP version 3.69 (PHYLogeny Inference Package) programs [51] . Bayesian analysis of population structure was performed as implemented in STRUCTURE (version 2.2) to infer the most likely number of population genetic clusters (K) in the ISSR dataset [52] . K ranged from 1 to 10, with 10 replicate runs for each K, and a burn-in period of 2610 5 and 5610 4 iterations. The ''no admixture model'' and independent allele frequencies were chosen for this analysis. The most likely number of clusters was estimated according to the model values (DK) based on the second order rate of change, with respect to K, of the likelihood function [53] . To detect within-group structure, subsequent runs were performed for each obtained clusters using the same settings as previous. Population similarity was also explored and visualized through principle coordinate analysis (PCoA) using NTSYSpc 2.10e [54] . Analysis of molecular variance (AMOVA), which partitions total phenotypic variance within and among populations, was performed using WIN AMOVA (version 1.55), which was provided by the Genetics and Biometry Laboratory, University of Geneva, Geneva, Switzerland [55] . The AMOVA input files with the Euclidean distance matrix were created using AMOVA-PREP 1.01 [56] . Significance level was tested by comparing the frequency distributions from the original data and the data generated by a set of 1 000 computer simulations. A Mantel test was performed using Tools for Population Genetic Analysis (TFPGA) [56] 
Results
Genomic DNA amplification results
For polymorphism testing of the 640 S. hexandrum individuals from 32 populations, forty-eight ISSR primers amplified visible bands and were chosen from the initial set of 100 primers to screen for reproducible markers. PCR amplification results (Table 2) show that 11 primers produced 241 clear and replicated bands (250 bp to 2 000 bp), of which 135 were polymorphic (56.02%) with 100% reproducibility. Individual primers detected between 19 (UBC825) and 29 (UBC900) loci can amplify clear bands, with an average of 21.91. The percentage of polymorphism ranged from 42.86% (UBC834) to 68.97% (UBC900), indicating that the selected primers are highly polymorphic across S. hexandrum populations. The H t was 0.1434, whereas H s was found to be 0.0599. The G st value of 0.5823 indicated that 41.77% of the genetic diversity resided within the populations. The N m among the sampled populations was calculated as 0.3587 using G st through the formula (0.5(12G st )/G st ).
Population genetic diversity
Detailed statistical analyses were performed on the ISSR amplification results (Table 3 ). The numbers of polymorphic Table S2 in Text S2.
Genetic structure and differentiation of the populations UPGMA cluster analysis. UPGMA clustering analysis defined three major groups among 32 populations (Figure 2 ). Group 1 included 11 populations, which were further divided into three subgroups. Populations TCG, CSG and HG were in subgroup 1a; populations XSG, DMG, PAS, MXS and XBS were in subgroup 1b; and populations LJG, YFG, and BCL were in subgroup 1c. Populations NZG, WJG, LLG and BG (Zhouzhi County), population DGG (Huxian County), population YWM (Taibai County) and population YPG (Huxian County) were grouped in cluster 2. Group 3 contained 14 populations, which were sampled from two adjacent cities, Baoji and Tianshui, and were subdivided into two clusters. Populations MDS, PJB, ZJG, LW, and HBG (Baoji) and DSY (Tianshui) were in subgroup 3a. Populations LWM, HLG, HJG, SJG, CTG, and LJP (Tianshui) and CJG, YMG (Baoji) were in subgroup 3b. Seven populations including DSY, LWM, HLG, HJG, SJG, CTG, and LJP in Group 3 were from Gansu Province. The other populations clustered in Groups 1, 2, and 3 were from Shaanxi Province. The S. hexandrum population was not clustered on the UPGMA tree according to geographic distance, which may indicate no obvious correlation between geographic distribution and genetic distance.
Principle coordinate analysis. PCoA was used for ordination and exploration of the similarity between populations. All samples were clearly separated into three major groups on the first (PCo1) and second (PCo2) principal coordinates ( Figure 3 ). PCo1 explained 13.6% of the total variance, and PCo2 explained 8.7% of the total variance. Groups 1 and 2 are clustered within each other's vicinity even though clearly separated, indicating higher similarity between these two groups. The clustering of the populations was in agreement with the UPGMA dendrogram.
Mantel test for IBD. A Mantel test for IBD was performed to assess the correlation between the genetic distance matrix and the corresponding geographic distance matrix of the wild S. hexandrum populations. The correlation coefficient r of genetic distance and geographic distance was 0.212 (P = 0.287), and the correlation analysis diagram (Figure 4 ) was comprised of many disordered and scattered points, indicating that the IBD of the wild S. hexandrum populations in Qinling Mts. was not significant at the level of 0.05. The Mantel test did not indicate correlation between genetic distance and geographical provenance.
Bayesian clustering. The genetic structure of the S. hexandrum samples were further analyzed using Bayesian clustering algorithm in the STRUCTURE software. The DK method indicated that the most likely K value was 3 ( Figure 5 ). Sharp divisions were observed for the three clusters ( Figure 6 ). The assignments of the populations to Groups 1, 2, and 3 were stable and consistent with UPGMA and PCoA clustering. Table 2 . Description of the11 selected primers used for ISSR amplification. Analysis of molecular variance. The pairwise GD values (Table 4) were small and ranged from 0.0467 (XSG and DMG) to 0.3997 (BG and LW), indicating low differentiation within populations. Low population differentiation indicated that gene flow within each clustered group may be high or that isolation time was recent.
AMOVA (Table 5 ) was also performed for population differentiation to further evaluate genetic structure. Highly significant (P,0.000 2) genetic variance was expectedly observed among the populations and explained 63.27% of the total variance, supporting the results from the hierarchical and Bayesian clustering. Only 36.73% of the total genetic variance occurred within populations, indicating higher genetic differentiation between the populations than within each population and the emergence of genetic differentiation among populations. The G st value (0.5823) ( Table 2) showed there were more variation among populations than that within populations, confirming the AMOVA results.
Discussion
Genetic diversity of S. hexandrum in Qinling Mts
The ISSR markers developed in this study effectively revealed low genetic diversity within the S. hexandrum populations sampled in Qinling Mts. Populations are isolated given the population differentiation and clear clustering. The comparison of the average genetic diversity to that of S. hexandrum from Northwestern Himalayan region [34, 36, 38] and other Berberidaceae species [58, 59] based on the ISSR approach showed that S. hexandrum populations of Qinling Mts. have low genetic diversity (average H e = 0.0621). The S. hexandrum in the Northwestern Himalayan [58] . Dysosma pleiantha, a threatened medicinal plant species distributed in southeastern China, sexually and asexually reproduces. High H e (0.364) was observed in this species [59] . The relatively high level of genetic variation observed within two species suggested that the balance between vegetative reproduction and sexual reproduction was more in favor of sexual reproduction in the populations D. versipellis and D. pleiantha than in the S. hexandrum populations. The H e found in this study was 0.1434 at the species level, lower than those of some strictly self-pollinating soybean species (H e = 0.1714) [60] and the selfpollinating Oryza granulata (H e = 0.210) [61] , which also indicated that potential selfing system in these populations reduced genetic diversity of S. hexandrum populations. Historical events are also responsible for the variation in genetic diversity [62] . Genetic diversity is affected by multiple factors, such as geographical distribution, mating system, life form, pollen and seed dispersal [63, 64] . Low genetic variation within populations could be attributed to seed dispersal and the predominant clonal reproduction in S. hexandrum in this high mountainous area. However, the genetic diversity of S. hexandrum is not much lower than other endangered species analyzed using ISSR markers, such as Leontice microrhyncha (Berberidaceae) (H e = 0.021), which is a polycarpic perennial herb found in deciduous or coniferous forests in Korea and Northeast China [65] . For species L. microrhyncha, each pollinated flower produces an 8 mm berry and seed dispersal is restricted due to its heavy berry [66] . The genetic diversity of S. hexandrum was also higher than those of two other species, the endangered Pinus squamata (H e = 0.020) [67] and the first-degree endangered species Manglietia decidua (H e = 0.0637) [68] . P. squamata and M. decidua are extremely rare and endangered tree species in China. The extremely low genetic diversity of this two species could have resulted from the severe bottleneck effect during their evolutionary process. The gene drift and inbreeding may further decrease their genetic diversity in the shrinking populations. The weak competitive ability against broad -leaved trees and human activities may also accelerated the decrease of genetic variation.
S. hexandrum is reasonably long lived because its rhizomes easily reproduce, which could slow down the loss of genetic diversity. Pollen dispersal is generally restricted to a small region due to the large pollen size, which limits gene flow to increase or 
High genetic differentiation and distinct genetic structure
High level of genetic differentiation and clear population structure was detected in this study. K = 3 in the Bayesian clustering as a meaningful value because group 1, 2 and 3 could be divided by detecting the within-group substructure. This result is also supported by distance-based clustering and PCoA. Groups 1 and 2 are genetically close but significantly different. Estimation of the number of clusters K should be treated with care because it is computationally difficult to obtain accurate estimates and the method merely provides an ad hoc approximation [52] .
All sampled individuals were strongly assigned to their original populations, and all data strongly support the conclusion that the 32 S. hexandrum populations distributed in the Qinling Mts. are clustered into three major groups. These methods consistently showed that high genetic differentiation existed among S. hexandrum populations, which is consistent with genetic variation studies in certain selfing species [69] . This would mean that S. hexandrum should be a selfing species or a selfing predominant species, which is consistent with previous studies on S. hexandrum by Ma et al. [70] . Aside from the breeding system, the high genetic differentiation across populations may also be caused by genetic drift [71] . Wright [72] noted that genetic drift would lead a small population to emerge with a distinct genetic differentiation when the N m value is lower than 1.0. The N m of S. hexandrum (0.3587) determined using the POPGENE software was lower than 1.0 in the present study, which suggested that some genetic drift may have emerged among the populations of this species. The distribution of S. hexandrum populations obviously tend to fragment based on the field investigation, which is consistent with the possibility of genetic drift.
Migration of plant populations can occur through dispersal of pollen and seed [73] . But a number of factors such as fragmented geographical distribution, lack of pollinators or seed dispersers can be a barrier to gene flow between populations [74, 75] . Limited gene flow among S. hexandrum populations may be related to inbreeding of the species and limited seed propagation distance. Some studies have found that seed dispersal is the primary factor influencing variation of gene flow and population structure [76] .
Heavy mature berries of S. hexandrum usually drop to the ground because of rain or wind, settling some seeds in the soil, whereas others are dispersed by cattle, birds, or humans. Therefore, the short distance of seed dispersal of S. hexandrum probably resulted in limited gene flow among populations. Mountain ranges and rivers are possible barriers to either dispersal of pollen or rhizomes of S. hexandrum, reproductively isolating the populations. The restriction of gene flow associated with geographical distance is consistent with the results of previous studies on this species [34, 35, 36] .
Implications for conservation
S. hexandrum is a rare and threatened species [4] in China. Assessment of genetic diversity is important for designing conservation strategies for threatened and endangered species [77, 78] . The results of this study showed that there was low genetic diversity among S. hexandrum populations and genetic differentiation among populations was higher than within populations. Genetic diversity loss has deleterious effects on species fitness and threatens the population survival and could be the key reason that explains the endangerment of S. hexandrum in Qinling Mts. [79, 80] . The estimation of the genetic diversity and population genetic structure could provide bases for S. hexandrum conservation and its reasonable utilization. The results will help determine what to conserve and where and how to conserve this species.
The field survey showed that the habitats of some populations have been destroyed by human disturbance for great medical value. Damage to natural habitats would led to a decrease in population sizes and probably a subsequent increase in inbreeding, decreasing its genetic diversity. In situ conservation effectively and sustainably prevents this problem. The establishment of S. hexandrum reserves should be the primary method because the Qinling Mts. are situated in state forest conservation areas, where cutting and hunting are restricted. The management for the conservation of genetic variability in this species should aim to preserve not only large populations but also as many of the small populations outside nature reserves as possible. Reduced levels of genetic variation, especially in the smaller populations, will affect the species' ability to adapt to changes in its habitat [81] . Positive correlations between population size, expected heterozygosity, and plant fitness were found in Gentiana pneumonanthe [82] and Arnica Montana [81] . Thus, policy plans should also be developed to stimulate seedling recruitment in the small populations (e.g., PAS and MXS). It may be dangerous to mix highly divergent populations because it could cause loss of adaptive diversity [45] . Therefore, it is necessary to improve gene flow among populations within each group through some artificial means, such as transplanting individuals (by seed, rhizomes from one population to another). Furthermore, to avoid human overcollection, greater awareness for S. hexandrum protections must be emphasized, and related forest departments should be encouraged to undertake conservation through an integrated conservation strategy based on demographic, ecological, and genetic aspects.
As a supplement to in situ conservation, ex situ conservation would also be feasible as underlined by other studies on endangered species [83, 84, 85] . Populations may be partially preserved through seed banks or in vitro germplasm collections. S. hexandrum has favorable sexual reproduction. Each plant produces approximately 60 seeds, with a maximum of approximately 180 seeds [70] . Seed collection is easier for S. hexandrum than other endangered species. Thus, a strategy involving extensive collection to ensure full sampling of genetic diversity, subsequent cultivation in a garden at least 1000 m above sea level [7] , and reintroduction into their original wild habitats seems feasible, although S. hexandrum mainly grows wild on high altitude mountain ranges. For S. hexandrum populations in Qinling Mts., there are some preserved forest farms which could be used for relocation. However, ex situ conservation has many drawbacks because it is impossible to recreate the habitat as a whole. The new environment may have important ecological differences compared with the original habitat, and the approach is technically challenging and is often expensive. Therefore, ex situ conservation is recommended only to supplement in situ conservation or as a last resort. In vitro techniques are also proven to be an effective alternative means of propagation that facilitates the recovery of the rare and endangered S. hexandrum [33] . At present, an effective protocol of in vitro propagation, involving multiple shoot formation from zygotic embryos and subsequent rooting, could be available for S. hexandrum. In vitro propagation may well be used as a means to rescue zygotic embryos for this species. In vitro techniques induce variability, but plants raised from tissue cultures may be screened for useful somaclonal variants and exploited to obtain plants or cultures with high podophyllotoxin contents, which possibly reduces the pressure on natural S. hexandrum populations.
Most of the genetic diversity of the important medicinal and endangered species S. hexandrum in Qinling Mts. must be guaranteed with these combined and sustained efforts.
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